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Abstract
The isoscalar giant dipole resonance (ISGDR) in 208Pb has been investigated with inelastic α-scattering of 400 MeV at
extremely forward angles, including 0◦. Energy spectra, virtually free from instrumental background, have been obtained and
the ISGDR strength distribution has been extracted using a multipole-decomposition analysis (MDA). A difference-of-spectra
approach yields the same ISGDR centroid energy as with MDA. These results lead to a value for nuclear incompressibility that
is consistent for both the isoscalar dipole and monopole modes.
 2003 Elsevier Science B.V. All rights reserved.
PACS: 24.30.Cz; 21.65.+f; 24.50.+g; 27.80.+wIncompressibility of nuclear matter has been stud-
ied experimentally and theoretically because of its
fundamental importance in defining the equation of
state for nuclear matter, describing various phenomena
from collective excitations of nuclei to supernova ex-
E-mail address: uchida@nh.scphys.kyoto-u.ac.jp
(M. Uchida).0370-2693/03/$ – see front matter  2003 Elsevier Science B.V. All right
doi:10.1016/S0370-2693(03)00137-0plosions in the cosmos. The only direct way to exper-
imentally determine the nuclear incompressibility is
to measure the compressional-mode giant resonances,
the isoscalar giant monopole resonance (ISGMR) and
the isoscalar giant dipole resonance (ISGDR). Al-
though the ISGMR has been well investigated since
its discovery about 25 years ago [1,2], the location of
ISGDR is still ambiguous.s reserved.
M. Uchida et al. / Physics Letters B 557 (2003) 12–19 13Macroscopically, the ISGDR is understood as a hy-
drodynamic density oscillation in which a compres-
sional wave traverses back and forth through the nu-
cleus in the “squeezing mode” by keeping the nuclear
volume constant, while the ISGMR oscillates isotrop-
ically as a “breathing mode”. In the scaling model, the
excitation energies of ISGMR and ISGDR are related











where εF, m, and 〈r2〉 are the Fermi energy, nucleon
mass, and mean square radius, respectively.
Initial indications of the excitation of the
ISGDR were reported as early as the beginning of
the 1980s [4–6]. However, the first direct evidence for
this mode, based on the differences in angular distri-
bution of the ISGDR from that of the nearby high-
energy octupole resonance (HEOR), was provided by
Davis et al. [7], who demonstrated that in 200 MeV
inelastic α-scattering near 0◦, the giant resonance
“bump” at 3h¯ω excitation energy could be separated
into two components, with the higher-energy compo-
nent corresponding to the ISGDR. Further evidence
for the ISGDR has since come from 240 MeV in-
elastic α-scattering measurements on 90Zr, 116Sn and
208Pb [8], using the multipole-decomposition (MD)
technique.
One major concern with the ISGDR data so far has
been that the value of the nuclear incompressibility ex-
tracted from the centroid of the ISGDR strength dis-
tribution was significantly different from that obtained
from the known ISGMR energies [9]. It is now well es-
tablished that the appropriate way to extract the value
of the incompressibility of nuclear matter (Knm) from
the ISGMR energies is to compare the experimen-
tal centroids of the ISGMR with those obtained from
RPA calculations with various suitable effective inter-
actions with different Knm values [10]. The problem
arose when one compared the available ISGDR data
with the theoretical centroids of the ISGDR, calcu-
lated using the same interactions that appear to repro-
duce the available ISGMR data well [11–16]. The ex-
perimental centroids reported by Clark et al. [8] weresignificantly lower than the calculated centroids; for
example, in 208Pb, Clark et al. reported the ISGDR
centroid at 19.9 ± 0.8 MeV lower than previous ex-
perimental results [4–7] and also lower than theoret-
ical values of Ex > 22 MeV. The low values for the
centroids in the data of Clark et al. evidently resulted
from their background-subtraction procedure which
rendered the ISGDR strength zero at Ex > 24 MeV.
In this Letter, we report new measurements on
the ISGDR where this apparent discrepancy between
the theory and experimental data has been resolved,
thanks to high quality data that allowed the extraction
of the ISGDR strength up to an excitation energy of
∼ 30 MeV. As described later, this has been possible
because of elimination of the non-physical (instrumen-
tal) background from the final inelastic α-scattering
spectra. With the results reported herein, a consistent
picture emerges for the two compressional modes in
208Pb, the ISGMR and ISGDR, where the experimen-
tal data on both modes can be reproduced with calcu-
lations employing the same Knm value.
The present experiments have been performed at
the Research Center for Nuclear Physics (RCNP), Os-
aka University, using inelastic α-scattering at 400 MeV
and extremely forward angles, including 0◦. Com-
pared with the previous measurements at Eα 
240 MeV, the 400 MeV measurements afford several
advantages; in particular, the ISGDR cross sections
are significantly larger, and the contributions from
pickup-breakup processes lie beyondEx ∼ 80 MeV. A
self-supporting 208Pb target of 10.1 mg/cm2 thickness
was bombarded with a 400 MeV 4He++ beam from
the RCNP ring cyclotron. Inelastically scattered par-
ticles were momentum-analyzed with the high resolu-
tion magnetic spectrometer, “Grand Raiden” [17]. The
focal-plane detection system consisted of two multi-
wire drift chambers (MWDC) [18] and two plastic
scintillation counters. Using the ray-tracing technique
for the trajectories of scattered particles, energy spec-
tra were obtained at specific angles by subdividing the
full angular opening (±20 mrad) of the spectrometer.
Primary 4He++ beams were stopped at three differ-
ent Faraday cups according to the setting of Grand
Raiden, θ = 0◦, 2◦ < θ < 5◦ (extremely forward an-
gles), and 6.5◦ < θ < 13◦ (ordinary forward angles).
In the 0◦ measurements, as described in Refs. [19–
21], the 4He++ beam was guided via Grand Raiden
to holes in the high-momentum side of the focal-plane
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twelve-meters downstream from the focal plane. In
measurements at extremely forward angles, however,
the beam was stopped in another Faraday cup [22],
which was located behind the first quadrupole magnet
of the spectrometer at a distance of 155 cm from the
target. In measurements at ordinary forward angles,
the incident beam was stopped in a Faraday cup lo-
cated inside the scattering chamber. Differential cross
sections were obtained at several angles in the range
of 0.64◦ < θ¯c.m. < 13.5◦, where θ¯c.m. is an averaged
value in the subdivided solid angle.
We utilized the vertical position spectrum at the
double-focused position of the spectrometer to elimi-
nate the instrumental background due to multiple scat-
tering of the beam in the targets and the subsequent
rescattering by the edge of the entrance slit, the yoke,
and walls of the spectrometer. Inelastically scattered
α-particles from “true” events are focused at the fo-
cal plane due to the ion-optics of the spectrometer,
while those from background events are not focused
and have a nearly flat distribution of their vertical po-sitions. In Fig. 1(a), a vertical (y)-position spectrum at
the focal plane is shown for the 0◦ measurement for
208Pb. The spectrum has a peak from true events at
y = 0 mm on a nearly flat background. To estimate the
background in the region of true events, the spectrum
gated with the background regions shown hatched on
both sides of the peak was used. In Fig. 1(b), the
energy spectra corresponding to gates at −15 < y <
15 mm and at 15 < |y| < 30 mm (hatched) are plot-
ted. Subtracting the spectrum associated with back-
ground from the true+ background spectrum, the true
spectrum with practically no instrumental background
was obtained. The energy scale was calibrated us-
ing elastic and inelastic scattering of α-particles from
12C (g.s., 4.439, 7.641 and 9.41 MeV states) under the
same magnetic-field conditions as those in the mea-
surements for 208Pb. The energy resolution was typ-
ically 200 keV FWHM which is quite adequate for
these measurements since the resonances under inves-
tigation are several-MeV wide.
Fig. 1(c) shows the 0◦ spectrum of 208Pb(α, α′)
reaction after subtraction of the instrumental back-Fig. 1. (a) The vertical-position spectrum for 208Pb in the 0◦ measurement. The spectrum has a peak from true events around y = 0 mm
according to the focussing action of the spectrometer, while background events have trapezoidal shape. The dashed line represents background
evaluated from both sides of the peak and the solid curve represents the shape of true events after subtracting the background. (b) The energy
spectra gated on the region with −15 < y < 15 mm and 15 < |y|< 30 mm (hatched regions). (c) Energy spectrum of the 208Pb(α, α′) reaction
at θ¯c.m. = 1.02◦ after subtraction of background. Expected positions of the ISGQR, ISGMR and ISGDR are indicated. The contribution of the
IVGDR is shown by the dashed line.
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sponding to ISGMR and the isoscalar giant guadru-
pole resonance (ISGQR) in 208Pb is observed at Ex ∼
10–15 MeV and another bump (ISGDR + HEOR)
is visible at Ex ∼ 22 MeV. In order to explore the
shape of the underlying continuum at higher excita-
tion energies, the energy spectrum at 2.2◦ was mea-
sured up to Ex ∼ 85 MeV by changing the magnetic
fields of Grand Raiden. The yield of the physical con-
tinuum decreases monotonically with increasing exci-
tation energy up to Ex ∼ 60 MeV and becomes flat
thereafter. Since there is no practical or direct way
to eliminate the physical continuum from the final
spectra, we have performed a multipole decomposition
analysis [23] of these energy spectra assuming that
the continuum can be represented by a combination
of higher-multipole contributions. A similar procedure
has been successfully employed, for example, in (p,n)
studies of Gamow–Teller giant resonances [24]. The
energy spectra were sliced in 1 MeV bins and recon-
structed in terms of measured angles, thus obtaining
the angular distributions for each bin. Fig. 2 shows
the angular distributions for two energy bins near the
peaks of ISGMR and ISGDR.
The ISGDR strength distribution was obtained in
two different approaches. In one of these, multipole-
decomposition analysis (MDA) was used following re-
cent analysis of giant-resonance data. In this approach,
the experimental angular distribution for each energy

















where (d2σ/dΩ dE)calc.L are the calculated DWBA
cross sections corresponding to 100% energy-weighted
sum rule (EWSR) for each multipole at that energy, us-
ing the code ECIS95 [25]. Fitting parameters are the
fractions of EWSRs, aL(Ex), which are related to the




where m1 is defined as: m1 =∑ExSL(Ex). Standard
transition densities and deformation parameters were(a)
(b)
Fig. 2. Angular distributions of selected 1 MeV bins for the 208Pb
(α, α′) reaction at 400 MeV. (a) Results for Ex = 14.5 MeV.
The solid circles are the experimental data. The lines show con-
tributions from L = 0 (thin solid line), L = 1 (thick solid line),
L = 2 (dotted line), L = 3 (dashed line), and other higher compo-
nents including IVGDR (dot-dashed line), respectively. (b) Results
for Ex = 23.5 MeV.
used in the calculations [26–28]. Transition potentials
were constructed by folding the transition densities
with an effective α–N interaction [29]:
V
(|r − r ′|, ρ0(r ′))
=−V (1 + βV ρ2/30 (r ′))e−|r−r ′|2/αV
(5)− iW(1 + βWρ2/30 (r ′))e−|r−r ′|2/αW ,
where ρ0(r ′) is the ground-state density. The parame-
ters of the α–N interaction used in the calculations
were obtained from fits to the elastic-scattering cross
sections measured in a separate experiment and are:
V = 26.7 MeV, W = 15.5 MeV, αV = αW = 4.4 fm2
and βV = βW =−1.9 fm2. To calculate the cross sec-
tion of the isovector giant dipole resonance (IVGDR)
excited in the (α,α′) reaction at the high bombard-
ing energy of 400 MeV through the Coulomb inter-
action, photo-absorption data [30] were used in con-
junction with DWBA calculations on the basis of the
16 M. Uchida et al. / Physics Letters B 557 (2003) 12–19Fig. 3. Strength distributions for the L = 0,1,2 and 3 transitions
in 208Pb, (a) ISGMR, (b) ISGDR, (c) ISGQR and (d) HEOR.
The errors shown for each excitation-energy bin were estimated
by changing the parameter for one component in order to satisfy
#χ2 = 1 when the fits were performed by the other parameters.
The fits to the ISGDR strength distribution for 10 <Ex < 28 MeV
are superimposed. The thick-solid and thick-dashed curves are the
results with two Breit–Wigner functions, and the thin-solid and
thin-dash-dotted curves are the results with two Gaussian functions.
Goldhaber–Teller model. The contribution of IVGDR
was subtracted prior to multipole decomposition of the
measured cross sections, carried out in the excitation
energy region from Ex = 8 MeV to 32 MeV, with the
transferred angular momenta up to L = 13 taken into
account. The results of the fits are shown in Fig. 2
for two 1 MeV energy bins. The strength distribu-
tions extracted from these fits for the L= 0 (ISGMR),
L = 1 (ISGDR), L = 2 (ISGQR) and L = 3 (HEOR)
in 208Pb are shown in Fig. 3.
The ISGDR strength clearly has two distinct com-
ponents. This “bi-modal” ISGDR strength distribution
is very interesting. The low-energy component of the
ISGDR, near the energy of the ISGMR and IVGDR,
has now been observed in several nuclei [8]. It also
appears in several of the more recent calculations of
the ISGDR strength (see, for example, Refs. [11–16]).
However, all the cited calculations clearly establish
that only the high-energy (HE) component dependsTable 1
Centroid energies (m1/m0), widths (Γ ), and EWSR fractions for




ISGMR 13.5± 0.2 3.6± 0.4 76±5
(13.5± 0.2) (4.2± 0.3) (58±3)
ISGDR (HE) 23.0± 0.3 10.3± 0.1 117±3
(22.5± 0.3) (10.9± 0.9) (107±7)
ISGDR (LE) 12.7± 0.2 3.5± 0.4 28±1
(12.5± 0.3) (4.4± 0.5) (21±1)
on the value of nuclear incompressibility employed in
the calculations; the position of the low-energy (LE)
component is completely independent of the nuclear
incompressibility, pointing to its “non-bulk” origin.
Further, Vretenar et al. have identified the dynamics
of this mode as resulting from surface effects, and
have proposed that it arises from a toroidal vibrational
mode [14]. The observed centroid for this LE compo-
nent (Ex = 12.5 ± 0.4 MeV) is higher than the theo-
retical predictions by several MeV. Incidentally, this is
not the expected 1h¯ω component of the ISGDR, dis-
cussed in detail previously by Poelhekken et al. [31];
the 1h¯ω strength, exhausting 15% of the EWSR for
the ISGDR, lies below the low-excitation-energy limit
of our experiment.
To determine the centroid energy of the ISGDR,
which is derived according to the definition: Ex =
m1/m0 [m0 =∑SL(Ex)], the experimental strength
distribution was fitted with two Breit–Wigner func-
tions and with two Gaussian functions. The centroid
energy, width and EWSR fraction for the ISGDR from
both fits are listed in Table 1, together with results
for the ISGMR. In the case of the Breit–Wigner fits,
the EWSR fraction for the ISGMR is close to 100%,
while the EWSR fraction for the ISGDR strength ex-
hausted by the HE component (∼ 120%) is larger than
expected (∼ 85%) [28,31]. In the case of the Gaussian
fits, on the other hand, the EWSR fraction for the
ISGMR is much smaller than 100% (only 60%), and
the EWSR fraction for the LE- and HE-ISGDR are
20% and 110%, respectively. We concentrate our dis-
cussion in the following on the results with the Breit–
Wigner fits.
The errors quoted for the EWSR fractions are
only statistical. The systematic errors for the HE
M. Uchida et al. / Physics Letters B 557 (2003) 12–19 17component of the ISGDR are estimated to be large
due to L= 1 contribution in the continuum, especially
at high excitation energies (28 < Ex < 32 MeV),
which might result from processes unaccounted for
in our analysis (for example, quasi-free scattering and
second-order effects).
In general, the treatment of “background” has al-
ways been the largest source of errors in giant res-
onance studies with inelastic scattering. In our mea-
surements, we have nearly completely eliminated the
“non-physical” component of the background, and
treated the physical continuum as composed of a com-
bination of various multipoles. A complication in this
approach arises from the possible mimicking of L= 1
strength by other processes, as described above. In
other approaches, used in some of the previous stud-
ies, a “reasonable” background is subtracted from the
spectra, prior to multipole decomposition [8,23]. The
problem with this method lies in the nature of the
background-subtraction procedure itself since it is not
possible to calculate the shape and magnitude of the
continuum. Regardless, in analyzing our data, we find
that the extracted ISGDR positions and widths of the
aforementioned LE and HE peaks are nearly identical
in both types of the analysis. Indeed, even if we as-
sume the background shape as
√
Ex − Sn(p) (Sn(p) is
the particle threshold energy) and subtract all the high-
energy continuum, the centroid energy shifts down
only by 0.6 MeV. The Gaussian fit after subtracting
the “physical background” yields a centroid energy of
21.9 ± 0.3 MeV, which approaches a little to the pre-
vious results in Refs. [4,5,8]. However, the extracted
percentage of the EWSR fraction for the ISGDR re-
duces to 50%.
In addition to the treatment of the physical contin-
uum, uncertainties in extracted EWSR fractions come
from the DWBA calculations, such as the potentials
extracted from elastic-scattering data and the energy
dependence of the transition density [15,29]. It is,
therefore, prudent to assume uncertainties of at least
30% in the quoted EWSR fractions.
Another independent and different approach was
used to visualize the peak for the ISGDR. Since the
cross section of the ISGDR rapidly decreases from
1◦ to 2.8◦, while those of the HEOR and all higher
multipoles and quasi-free scattering are more or less
constant in this angular range, the “difference-of-
spectra” technique [7] has been employed as shownFig. 4. Difference spectrum obtained by subtracting the spectrum
at 2.83◦ from that at 1.02◦. The peak position for the HE-ISGDR
(∼ 21.6 MeV) is clearly visible. “D.C.” referes to the difference in
cross sections.
in Fig. 4. A peak for HE-ISGDR is clearly visible
in the difference spectrum obtained by subtracting
the spectrum at 2.83◦ from that at 1.02◦. The peak
energy for the HE-component of the ISGDR at Ex ∼
21.6 MeV is consistent with the results of the present
MDA.
Using the energy of the HE-ISGDR peak (Ex =
23.0 ± 0.3 MeV), one obtains KA = 130 ± 5 MeV
from Eq. (2). On the other hand, using the ISGMR
energy (Ex = 13.5 ± 0.2 MeV) in Eq. (1), the KA
value of 134 ± 4 MeV is obtained. These values are
very close, providing a consistency between the two
compressional modes that has been elusive so far.
Indeed, the KA derived from the ISGDR was reported
in the past to be up to 40% lower than that obtained
from the ISGMR [9].
Blaizot [32] has provided an empirical relationship
between KA and Knm for 208Pb:
(6)KA = 0.64Knm − 3.5.
With the KA (∼ 130 MeV) obtained from our results,
this relation would imply Knm ∼ 210 MeV.
As mentioned earlier, the well-accepted procedure
for extracting Knm from energies of the compressional
18 M. Uchida et al. / Physics Letters B 557 (2003) 12–19Table 2
Centroid energies of ISGDR and ISGMR for 208Pb
EISGDR (MeV) EISGMR (MeV) Knm (MeV)
HE LE
This work (Breit–Wigner) 23.0± 0.3 12.7± 0.2 13.5 ± 0.2
This work (Gaussian) 22.5± 0.3 12.5± 0.3 13.5 ± 0.2
Morsch et al. [4] 21.3± 0.8 – 13.8
Djalali et al. [5] 21.5± 0.2 – 13.9
Adams et al. [6] 22.6± 0.2 – –
Davis et al. [7] 22.4± 0.5 – –
Clark et al. [8] 19.9± 0.8 12.2± 0.6 14.17 ± 0.28
Hamamoto et al. [11,33] 23.4 ∼ 14 14.1 217
Colò et al. [12] 23.9 (22.9a) 10.9 14.1 215
Piekarewicz [13] 24.4 ∼ 8 13.1 224
Vretenar et al. [14,34] 26.01 10.4 14.1 271
Shlomo and Sanzhur [15] ∼ 25.0 ∼ 15 14.48 230
Gorelik and Urin [16] 22.7 11.1 14.3 –
a Including effects of continuum and 2p–2h coupling [35].modes involves comparison of the experimental en-
ergies with those calculated using suitable effective
interactions that have different nuclear incompress-
ibilities. Table 2 lists the present experimental results
compared with previously published results and with
theoretical calculations. Prior to our measurements, it
appeared that all calculations, using nuclear incom-
pressibilities that reproduced the experimental ISGMR
energies very well, overestimated the excitation en-
ergy of the ISGDR by several MeV [8]. With the re-
sults presented herein, this problem has been resolved.
With the virtually “background-free” spectra obtained
in our work, it has been possible to identify the
ISGDR strength up to Ex ∼ 30 MeV and the centroid
of the experimental HE-ISGDR strength determined
for 208Pb is now very close to the theoretical predic-
tions. Most of these calculations employ the interac-
tions that give Knm in the range of 215–225 MeV. It
may be concluded, therefore, that a value of Knm ∼
220 MeV is consistent with the observed properties of
both the compressional modes in 208Pb.
In summary, we have performed 208Pb(α,α′) mea-
surements at 400 MeV to study the ISGDR. Energy
spectra for (α, α′) were obtained without any instru-
mental background. Using a multipole decomposi-
tion analysis, the strength distribution of the ISGDR
was obtained up to Ex ∼ 30 MeV. The ISGDR
strength distribution has two components; however,
only the high-excitation energy component corre-
sponds to the compressional mode. With our results,both the ISGMR and the ISGDR provide a consistent
value of the incompressibility of infinite nuclear mat-
ter.
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